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EvolutionViruses from the genus Pestivirus of the family Flaviviridae have a non-segmented, single-stranded RNA
genome and can cause diseases in animals from the order Artiodactyla. Homologous recombination is
rarely reported in this virus family. To detect possible recombination events, all complete pestivirus gen-
omes that are available in GenBank were screened using distinct algorithms to detect genetic conversions
and incongruent phylogenies. Three putative recombinant viruses derived from recombination from dif-
ferent pestivirus subtypes/genogroups were detected: Bovine viral diarrhea virus 1 (BVDV-1) strain 3156,
BVDV-2 strain JZ05-1 and Classical swine fever virus (CSFV) strain IND/UK/LAL-290. The present study
demonstrated that the pestivirus classiﬁcation cannot be based only on the analysis of one fragment of
the genome because genetic conversions can lead to errors. The designation of the recombinant forms
(RF) provides a more informative structure for the nomenclature of the genetic variant. The present work
reinforces that homologous recombination occurs in pestivirus populations under natural replication and
describes the ﬁrst evidence of recombination in BVDV-2.
 2015 Elsevier B.V. All rights reserved.1. Introduction
The viruses of the genus Pestivirus belong to the family Flavivi-
ridae, together with the genus Hepacivirus (Hepatitis C virus, HCV)
and Flavivirus (Yellow fever virus, YFV; West Nile virus, WNV; Den-
gue virus, DENV; and Japanese encephalitis virus, JEV). Pestiviruses
have a single-stranded, positive-sense RNA genome of approxi-
mately 12.3 kilobases (kb) that contains only one open reading
frame (ORF) that is ﬂanked by non-coding regions (NCRs) at its 50
and 30 ends. The ORF encodes a polyprotein that is processed into
twelve polypeptides: N terminal protein (Npro), capsid protein
(C), envelope glycoprotein (Erns, E1 and E2), protein 7 (p7) and
the non-structural proteins (NS) NS2, NS3, NS4A, NS4B, NS5A and
NS5B (Simmonds et al., 2011).
Similar to many RNA viruses, pestiviruses exhibit high genetic
heterogeneity and can be divided in four species that are
recognized by the International Committee on the Taxonomy of
Viruses (ICTV): Bovine viral diarrhea virus 1 (BVDV-1), BVDV-2,
Classical swine fever virus (CSFV) and Border disease virus (BDV)
(Simmonds et al., 2011). These viruses also present species vari-
ants, with BVDV-1 presenting at least 17 subtypes (1a–q) (Denget al., 2012; Vilcek et al., 2001), BVDV-2 presenting three subtypes
(2a–c) (Flores et al., 2002; Jenckel et al., 2014), BDV presenting
seven genotypes (Becher et al., 2003; Giammarioli et al., 2011),
and CSFV presenting three genogroups (1, 2 and 3) that can each
be divided into three or four subgenogroups (Greiser-Wilke et al.,
1998; Lowings et al., 1996; Pan et al., 2005). In addition to the
established species, new putative viruses with signiﬁcant genetic
and antigenic differences were already detected, i.e., the pestivirus
of giraffe (Avalos-Ramirez et al., 2001), ‘HoBi’-like viruses
(Schirrmeier et al., 2004), Pronghorn virus (Vilcek et al., 2005),
Bungowannah virus (Kirkland et al., 2007) and two other viruses
that were detected in small ruminants from Tunisia (Thabti et al.,
2005) and Turkey (Oguzoglu et al., 2009).
Heterologous recombination (or non-homologous recombina-
tion) in pestiviruses was already reported to generate the
cytopathic (cp) biotype that can evolve from non-cytopathic
(ncp) viruses and cellular sequences (Becher and Tautz, 2011;
Hughes, 2004).
Instead, homologous recombination is an important evolution-
ary process for many viruses (Simon-Loriere and Holmes, 2011)
and was previously identiﬁed in Flaviviridae members such as
DENV (Chen et al., 2008; Tolou et al., 2001; Villabona-Arenas
et al., 2013) and HCV (Kalinina et al., 2002; Shi et al., 2012), as well
as BVDV-1 (Jones andWeber, 2004) and CSFV (He et al., 2007) from
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classiﬁcation cannot be based only on the analysis of one fragment
of the genome since genetic conversions can lead to errors and pro-
posed the designation of the recombinant forms (Kalinina et al.,
2002; Jones and Weber, 2004). Thus, the goal of the present study
was to search, identify and determine the distribution of putative
recombination events using several algorithms to detect genetic
conversions in all complete pestivirus genomes that are available
in GenBank.
2. Materials and methods
The available whole-genome sequences of 125 pestiviruses
were retrieved from GenBank (http://www.ncbi.nlm.nih.gov/gen-
bank/) on July 13th, 2014 (Table A.1). The genome sequences were
from strains of recognized species and their subdivisions as well as
atypical species. The dataset was aligned using ClustalW and the
BioEdit version 7.2.5 software (http://www.mbio.ncsu.edu/bioed-
it/bioedit.html).
Putative recombination events were veriﬁed using the Recom-
bination Detection Program version 4 (RDP4) software (http://
web.cbio.uct.ac.za/~darren/rdp.html) with the default settings.
The software used several algorithms, including RDP (Martin and
Rybicki, 2000), GENECONV (Padidam et al., 1999), BootScan
(Martin et al., 2005), MaxChi (Smith, 1992), Chimaera (Posada
and Crandall, 2001), SiScan (Gibbs et al., 2000) and 3Seq (Boni
et al., 2007). The beginning and end breakpoints of the potential
recombinant sequences were also deﬁned by the RDP4 software.
Putative recombinant events were considered signiﬁcant when
P 6 0.01 was observed for the same event using four or more algo-
rithms. The already-described, recombinant pestivirus BVDV-1
strain ILLNC (GenBank accession number U86600.1) (Jones and
Weber, 2004), CSFV strain 39 (GenBank accession number
AF407339.1) (He et al., 2007) and CSFV strains ALD (GenBank
accession number D49532.1) and SWH (GenBank accession num-
ber DQ127910.1) (Ji et al., 2014) were used to analyze the perfor-
mance of the applied methodology.
Phylogenetic analysis was performed to visualize possible rela-
tionships between the putative recombinant strains and other pes-
tiviruses. The beginning and end breakpoints of the potential
recombinant strains were used to deﬁne the cutoff and to segre-
gate the genomes into three or four segments to perform indepen-
dent analyses. Molecular Evolutionary Genetics Analysis version 6
(MEGA6) (Tamura et al., 2013) was used for phylogeny inference
according to the maximum likelihood algorithm. The nucleotide
substitution model was deﬁned by the tool ‘‘ﬁnd best DNA/Protein
model (ML)’’ of MEGA6. The robustness of the hypothesis was
tested with 1000 non-parametric bootstrap analyses.Table 1
Putative recombination events in pestiviruses detected using the RDP4 software.
Recombinant 3156 (JN704144.1)
Major parent SD1 (M96751.1)
Minor parent GX4 (KJ689448.1)
P-values determined by seven different
programs
RDP 5.085  10201
GENECONV 4.770  10192
BootScan 1.330  10199
MaxChi 7.433  1054
Chimaera 8.489  1058
Siscan 2.985  1055
3Seq 2.684  10303
Beginning breakpoint (position in alignment) –
End breakpoint (position in alignment) 2871 (99% CI: 2852–
2874)
ND: Recombination not detected with this algorithm.All the sequence alignments used to perform all the analysis for
RDP4 and to construct the phylogenetic trees are available in Fig-
share (http://ﬁgshare.com/) with the DOI number http://dx.doi.
org/10.6084/m9.ﬁgshare.1272825.
3. Results
Three novel putative events were found with P values lower
than 0.01 (Table 1). The results showed that three pestivirus strains
(3156/BVDV-1, JZ05-1/BVDV-2 and IND/UK/LAL-290/CSFV) are
potential recombinant viruses derived from parental viruses with
different subtypes/genogroups. The possible major and minor par-
ents of the putative recombinants as well as the beginning and end
breakpoints were also deﬁned by RDP4 and are shown in Table 1
and Fig. 1. The BVDV-1 strain ILLNC and the CSFV strains 39, ALD
and SWH which were analyzed as controls of known recombina-
tion events, conﬁrmed the previous ﬁndings (He et al., 2007; Ji
et al., 2014; Jones and Weber, 2004).
The putative BVDV-1 recombinant strain 3156 (GenBank acces-
sion number JN704144.1) had the SD1 (BVDV-1a) strain (GenBank
accession number M96751.1) as its major parent and GX4 (BVDV-
1b) as its minor parent (GenBank accession number KJ689448.1).
In the putative recombination event, the SD1 sequence had
replacements of two homologous regions derived from GX4: the
ﬁrst one ending in the glycoprotein E2 gene and the second had
its beginning and end breakpoints between the NS2 and NS5A
genes (Fig. 1A).
The putative recombinant strain JZ05-1 (GenBank accession
number GQ888686.2) had the 11F011 (BVDV-2a) strain (GenBank
accession number KC963968.1) as its major parent. However, the
RDP4 software could not ﬁnd the minor parent in the sequences
available in Genbank and deﬁned it as unknown. The putative
region of recombination between 11F011 and the unknown parent
strain was located between the p7 and NS4B genes (Fig. 1B). The
fragment of the genome of JZ05-1 that was obtained from the
unknown origin (located between the breakpoints) was also sub-
mitted to a MegaBlast search (http://blast.ncbi.nlm.nih.gov/Blast.
cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blast-
home) to ﬁnd a possible minor parent, and the result showed only
89.5% identity with BVDV-2b strain SD1301 (GenBank accession
number KJ000672.1).
The putative recombinant strain IND/UK/LAL-290 (GenBank
accession number KC851953.1) had the Bergen strain CSFV-2.2
(GenBank accession number KJ619377.1) as its major parent. The
RDP4 software could also not deﬁne the minor parent in the
sequences available in GenBank. The putative recombination
region between Bergen and this unknown parent strain was
located between the NS3 and the NS5A genes (Fig. 1C). The3156 (JN704144.1) JZ05-1 (GQ888686.2) IND/UK/LAL-290
(KC851953.1)
SD1 (M96751.1) 11F011 (KC963968.1) Bergen (KJ619377.1)
GX4 (KJ689448.1) Unknown strain Unknown strain
9.299  10154 7.195  1017 7.902  107
1.924  10135 ND 7.093  103
8.486  10152 6.248  1016 1.896  104
5.133  1057 4.824  1016 1.355  107
2.318  1057 5.358  1015 1.223  106
3.079  1078 1.353  1023 5.966  106
6.752  10170 7.320  1010 5.445  104
4469 (99% CI: 4436–
4490)
3637 (99% CI: 3622–
3694)
5995 (99% CI: 5880–6145)
8715 (99% CI: 8698–
8718)
7360 (99% CI: 7342–
7372)
7296 (99% CI: 7224–7363)
Fig. 1. Schematic representation of the potential recombination events in pestiviruses. The genome organization of the potential recombinant viruses, with the breakpoints
and segments of the genome derived from the major and minor parents, are schematically represented. The relationship between the putative recombinant (d) and major (N)
and minor (.) parents in the different segments of the genome is shown in the maximum likelihood rectangular trees, where bootstrap values P50% are represented for
strains 3156 (A), JZ05-1 (B) and IND/UK/LAL-290 (C).
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(located between the breakpoints) was also submitted to a Mega-
Blast search to ﬁnd a possible minor parent, and this analysis
resulted in only 84% identity with the recombinant CSFV strain
39 (GenBank accession number AF407339.1).
To visualize the incongruences in the phylogenetic analysis, ten
different estimations from different genomic regions between
potential recombinant strains and their putative major and minor
parents were constructed. The nucleotide substitution model
selected by MEGA6 was General Time Reversible with gamma dis-
tributed with invariant sites (GTR + G + I) for all the analysis with
exception of the third segment of the BVDV-2 analysis where
GTR + G was selected.
The analysis of strain 3156 (BVDV-1) showed that this strain
clustered with BVDV-1a strains in two trees (Fig. 1A). In the other
two trees, the putative recombinant clustered with BVDV-1b
strains. All of these nodeswere supported by 100% bootstrap values.
The analysis of strain JZ05-1 (BVDV-2) showed that, in trees
constructed using the downstream region of the beginning break-
point and upstream region of the end breakpoint, this strain clus-
tered in a branch formed by its major parent (11F011) and other
BVDV-2a strains (890, C413, p11Q and New York93) (Fig. 1B).
These branches were also supported by 100% bootstrap values.
However, in the tree constructed with the segment of the genome
between the beginning and the end breakpoints, JZ05-1 clustered
in the same terminal node as BVDV-2b strains Hokudai-Lab/09
(GenBank accession number: AB567658.1) and SD1301 (GenBank
accession number: KJ000672.1), and this result was supported by
a 90% bootstrap value. This information led to the conclusion thatthe other non-recombinant parent is the ancestor of the clade
formed by Hokudai-Lab/09 and SD1301.
For CSFV, strain IND/UK/LAL-290 clustered in the branch of
CSFV-2.2 (90% bootstrap value) and in the same terminal node as
CSFV strain 39, and this result was supported by a bootstrap value
of 100%. In the analysis of the region between the breakpoints,
strain IND/UK/LAL-290 clustered in a unique branch with strain
39, and this result was supported by a 100% bootstrap value. In
the tree constructed with the segment upstream the end break-
point, IND/UK/LAL-290 clustered in the same branch of the Bergen
strain, and this result was supported by a 100% bootstrap value
(Fig. 1C). The location of strain 39, however, changed.
4. Discussion
Natural recombination has been described in members of Flavi-
viridae, i.e., Flavivirus and Hepacivirus (Chen et al., 2008; Kalinina
et al., 2002; Shi et al., 2012; Tolou et al., 2001; Villabona-Arenas
et al., 2013); however, there are only four reports of natural recom-
bination for the genus Pestivirus, i.e., one in BVDV-1 and three for
CSFV (He et al., 2007; Ji et al., 2014; Jones and Weber, 2004). In
the present report, strong evidence for the occurrence of homolo-
gous recombination in BVDV-1 and BVDV-2 from different subtype
strains and of CSFV from the same or different genogroups was sup-
ported by at least six of the seven algorithms that were used to
detect genetic conversion (Table 1) and by the phylogenetic analy-
sis. The data reveals that strain 3156, a BVDV-1 detected in cattle
from China in 2011, is a putative recombinant between BVDV-1a
and BVDV-1b (Fig. 1). A recombination between BVDV-1a and 1b
Fig. 1 (continued)
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reported in the present study reinforces that this phenomena can
take place in natural viral populations as an important evolutionary
event. Furthermore, it is important to highlight that strain 3156 is
deposited in GenBank as a BVDV-1b strain, although this virus
can be classiﬁed as BVDV-1a or 1b according to the genomic region
that is analyzed.
The present data also reveals that strain JZ05-1, a cp virus
detected in cattle from China in 2005, is a possible recombinant
between the BVDV-2a and BVDV-2b strains (Fig. 1B). However, it
can be observed in the maximum likelihood trees that an ancient
recombination (strain JZ05-1) also occurred where the exact
parental strains cannot be pinpointed, and also a case where it can-
not be certain about which are the parental and which are the
recombinants. This hypothesis can be better visualized in the phy-
logenetic trees since JZ05-1 is not located in the same terminal
node as the sequences classiﬁed as major and minor parents, but
apparently emerged in independent terminal nodes in all the trees.
This is the ﬁrst evidence of recombination for BVDV-2.
For CSFV, homologous recombination from different geno-
groups has been reported (He et al., 2007). The present ﬁndings
point that strain IND/UK/LAL-290, a CSFV detected in a backyard
pig from India, generated by a homologous recombination between
a CSFV-2.2 and a CSFV other than from genogroup 2 (Fig. 1C). In
two of the maximum likelihood trees it can be observed that
IND/UK/LAL-290 is located in the CSFV-2 branch closely related
to strain Bergen and in the third one in a branch that has the same
ancestor of the CSFV-2 genogroup. Moreover, it evolved indepen-
dently creating a branch where IND/UK/LAL-290 is closely related
to strain 39, another putative recombinant strain (He et al.,
2007). It can be deduced that an ancestor of strain 39 participatedin the generation of strain IND/UK/LAL-290. Furthermore, this virus
was classiﬁed as CSFV-2.2 (Kumar et al., 2014), despite the incon-
gruences that could be observed in its phylogeny.
It is important to reinforce that RDP4 deﬁne the parental
sequences based on pairwise comparisons between the query
(putative recombinant) and reference sequences used in the anal-
ysis. This means that the putative recombinant and the possible
parental sequences are both descendants of an acestor that was
possibly better represented by the common node at the phylogeny.
Potential recombination events between different pestivirus
species were not found. Interspecies recombination in pestiviruses
can be an extremely rare process because gene transfer between
different genomes require physical cohabitation of both genomes
in the same cell (Simon-Loriere and Holmes, 2011) and viremia
lasts at least 10 days and results in a sterile immunity
(MacLachlan and Dubovi, 2011). Furthermore, to be able to spread
further, the recombinant virus must not only be viable but also
have to compete with both parental strains (Simon-Loriere and
Holmes, 2011). It is important to reinforce that the homologous
recombinations observed in the present work may have emerged
artiﬁcially, intentionally or not since the study is based on data
from a public database and all these putative recombinants are sin-
gle rather than a group.
The BVDV-1, BVDV-2, CSFV and BDV are classiﬁed into variants
within their respective species (Becher et al., 2003; Flores et al.,
2002; Lowings et al., 1996; Vilcek et al., 2001), but recombinant
strains carry incongruences in these classiﬁcations because of their
evolutionary origin. The present study demonstrated that the
pestivirus classiﬁcation cannot be based only on the analysis of
one fragment of the genome because genetic conversions can lead
to errors. For example, the designation of the recombinant forms
Fig. 1 (continued)
M.N. Weber et al. / Infection, Genetics and Evolution 30 (2015) 219–224 223(RF), following the proposal of Jones and Weber (2004) for BVDV-1
and of Kalinina et al. (2002) for HCV, provides a more informative
structure for the nomenclature of the genetic variant. According
to this nomenclature, we propose the designation: RF1a1b and
RF2a2b for viruses exhibiting the inter-subtype recombination in
BVDV-1 and BVDV-2, respectively. The nomenclature for the CSFV
from different genogroups reported herein is difﬁcult to establish
because the genogroup of the minor parent was not identiﬁed,
and therefore, it was not possible to deﬁne it in the phylogeny.
Because the present study found that 5.6% (7 of 125) of the full-
length analyzed genomes are potential recombinant viruses,
homologous recombination in pestiviruses is more frequent than
what has been reported for the other Flaviviridae members (Shi
et al., 2012). Furthermore, as could be observed for HCV and DENV
(Chen et al., 2008; Kalinina et al., 2002; Shi et al., 2012; Tolou et al.,
2001), the location of the homologous recombination in the gen-
ome of the potential recombinant pestiviruses was random.In the present study, three putative novel recombination events
in pestiviruses were detected, showing the ﬁrst evidence of recom-
bination in BVDV-2 and reinforcing the role of these horizontal gene
transfer events in the evolution of BVDV-1 and CSFV. For pestivirus-
es, these events are apparently even more frequent than in other
Flaviviridae members. Moreover, the existence of recombinant
strains can represent a challenge for phylogenetic and taxonomic
studies. The evolutionary consequences of viral homologous
recombination must be further understood to determine the extent
to which recombination plays a role in pestivirus evolution and to
establish adequate theoretical frames for the study of viral
phylogenies.
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